V. Supplementary Movies
Supplementary Movie S1 | Animation showing changes in TCR occupation-probability density across a growing close contact over time.
Supplementary Movie S2 | CD45RABC spontaneously segregates from CD2-mediated close contacts formed by CD48 + Jurkat T-cells interacting with CD2-and CD45RABC-presenting SLBs.
Supplementary Movie S3 | Imaging Ca 2+ release for Jurkat T-cells forming CD45-depleted contacts with labeled-CD2 presenting SLBs.
VI. Additional references I. Appendix I: A quantitative treatment of TCR signaling a) Description of the rationale and the assumptions of the TCR triggering model
This model seeks to mathematically describe TCR dwell-time inside close contacts. Close contacts are defined as any area of cell contact from which CD45 is excluded, and therefore correspond to the "close contacts" first described in Chang et al. Our experiments and others show that these contacts are initially small and grow over time (see Movie S3; Chang et al., 2016 , Razvag et al., 2018 . Cell-cell contacts appear to be highly dynamic in the absence of signaling. Since we are interested in signal initiation, we assume that close contacts form for finite periods (referred to as the contact duration).
We base our model on the kinetic-segregation (KS) model (Davis and van der Merwe, 1998; Davis et al. 2006 ). The KS model proposes that receptor triggering requires only that the TCR stays accessible to kinases within close contacts, protected from phosphatases that would otherwise terminate signaling, and for TCR phosphorylation to be sufficiently long-lived for downstream effects to be initiated. pMHC ligands, via trapping effects, serve only to increase the residence time of the TCR inside the close contact. We therefore assume for our modeling (1) that when a close contact is formed, TCRs can diffuse in and out of the contact, and (2) that while the TCR is bound to a ligand inside the close contact, it is unable to leave. The second assumption means that the residence time of a bound TCR is independent from its diffusion, so we do not need to account for any changes in TCR diffusion coefficients upon pMHC binding: the dwell-time of a bound TCR is solely determined by the off-rate of the complex, combined with its free diffusion before and after pMHC binding. The assumption that a pMHC/TCR pair will not leave the contact is supported by the fact that this is energetically unfavorable due to the complex's size being of the same dimensions as the spacing of the two membranes in a close contact (James and Vale, 2012) . Irrespective of its binding status, any TCR that remains in the close contact for 2 seconds or longer -due to pMHC binding per se or due to diffusion, or both -is assumed to be triggered by our model. We chose tmin = 2 seconds, given that kcat(Lck) = 3.41 s -1 and that, at a CD45/Lck ratio of 2:1, ITAM phosphorylation is reduced by ~50% (Hui and Vale, 2014 The flux of TCRs in complex (/) through the boundary should be zero which gives rise to the boundary condition. In the case of modeling CC of fixed size (Fig. 4 A-C), R = 0 in equation 1.3. The parameter ϵ is the distance from the boundary that the TCR is initialized in its exploration of the CC.
For technical reasons, the initial location cannot be exactly on the boundary as one would ideally like since the mathematical formulation of the dwell time would not be well posed. This is because a Brownian walker initially on the boundary will interact with the boundary an infinite number of times.
Therefore, we must start the particle just inside the domain and we have used a value of ϵ = 0.09 for the numerical simulations.
ii) Model output
The output of the model is the probability (j k ) that a single receptor has remained within the CC for more than 2 seconds, for contact duration (% l ), j k (% entry ) = m #(:, 2; % entry ) + /(:, 2; % entry ) b(*;U entry ) c:.
The time-dependent rate of TCR entry into the domain (, U (%)) is expected to be proportional to the size of the domain, which increases over time. Using previously derived results (see Equation 11 in Weaver, 1983) , we find,
where x = 415 GH * is the cell surface area, # | = 100 GH K* (varied over the simulations; see also Table S3 ) is the TCR diffusion coefficient. With these numbers, we find that the rate of TCR entry into the domain (, U ) increases from ≈ 4 I Kw to ≈ 18 I Kw as the domain radius increases from 0.01 µm to 2 µm. Note that since we numerically solve the problem by a finite element method, the coordinate singularity at r = 0 does not need to be resolved in this setting.
Given that multiple receptors can enter the CC during the contact duration (% l ), we need to calculate the probability that at least one TCR has remained within the domain for more than 2 s (j | , referred to as "triggering probability"). The number of TCRs that have entered the domain in time interval
[%~, %~+ Δ%] can be estimated as , U (%~)Δ% so that j | is estimated as follows,
In the case where j k and , U are constants:
When considering the limiting case of kt(t) = 0 for the growing CC model, we have assumed a small initial radius (0.01 µm) and therefore assumed that the CC is empty of TCRs. In cases where we do not have a growing CC (R = 0, Fig. 3C ), a term is included representing the initial number of TCRs in the CC at % = 0,
All plots for the theoretical modelling of TCR triggering were generated in MATLAB (MATLAB R 2014b,
The MathWorks, Natick, US) using the equations derived in this section.
c) Quantification and statistical analysis
Data were analysed by Graphpad Prism and Origin Lab built-in T-test (unpaired, two tailed), and results were considered significant when p < 0.05. Other statistical parameters including the number of replicates, fold-changes, percentages, SEM, SD, number of cells, number of tracks and statistical significance are reported in the figures, figure legends and supplementary tables.
d) Data and code availability statement
The data sets generated during and analyzed during the current study as well as all custom-written software are available from the corresponding author on reasonable request.
II. Materials and Methods

Cell lines
Human supplemented with 10% FCS (PAA), 2mM L-glutamine (Sigma Aldrich) and 1% PenicillinStreptomycin (Sigma Aldrich) at 37 C and 5% CO2 and were maintained between 10% to 90% confluency. Cells were maintained at 37 C and 5% CO2 during culturing, and handling was performed in HEPA-filtered microbiological safety cabinets. Typically, cells were kept at a density between 5-9
x 10 5 cells/ml. The UCHT1 hybridoma was a generous gift from Dr Neil Barclay, Sir William Dunn
School of Pathology, University of Oxford and the GAP8.3 hybridoma was obtained from ATCC (HB-12™). Hybridomas were cultured in sterile DMEM (Sigma Aldrich) supplemented with 10% FCS (PAA), 2mM L-glutamine (Sigma Aldrich) and 1 mM sodium pyruvate (Sigma Aldrich) at 37 C and 5% CO2 and were maintained between 10% to 90% confluency. All cells used throughout this study were regularly tested for mycoplasma.
Plasmids
For expressing HA-CD45-Halo, LCK-Halo, and TCRβ-Halo (New England Biolabs, UK) the genes were amplified by PCR to produce dsDNA fragments encoding the proteins of interest flanked at the 3' end by a sequence coding for a Gly-Ser linker which was followed by Halo-tag. Following confirmation of sequence and reading frame integrity the Lck-Halo and TCRβ-Halo were sub-cloned into the lentiviral pHR-SIN plasmid. To generate mmLck the appropriate residues were mutated by a PCR amplification reaction using forward and reverse oligonucleotides encoding the desired mutation.
Sequence integrity was confirmed by reversible terminator base sequencing.
Generation of stable transduced cell lines
Jurkat-derived T-cell lines stably expressing either Lck-Halo or TCRβ-Halo were generated using a lentiviral transduction strategy. HEK293T cells were plated in 6-well plates at 6 x 10 5 cells per well in DMEM (Sigma Aldrich), 10% FCS (PAA) and antibiotics. Cells were incubated at 37 C and 5% CO2
for 24h before transfection with 0.5 µg plasmid/well of the lentiviral packaging vectors p8.91 and pMD.G (2 nd generation; Addgene) and the relevant pHR-SIN lentiviral expression vector using GeneJuice® (Merck Millipore) as per the manufacturer's instructions. 48 h post transfection, the supernatant was harvested and filtered using a 0.45 µm Millex®-GP syringe filter unit to remove detached HEK293T cells. Three milliliters of the lentiviral-conditioned medium were added to 1.5 x 10 6 Jurkat T-cells.
Fab preparation and labeling
Cell-expressed CD45 was labeled with Alexa Fluor 488 Fab (Gap8.3, anti-CD45; purified from hybridoma supernatant). The Fab was prepared from purified antibody using immobilized papain 
HaloTag® labeling
Cells expressing HaloTag® (Promega, UK) fusion protein (Lck, TCR) were labeled with TMR Cell* following the manufacturer's preparation protocol (www.promega.co.uk/products/imaging-andimmunological-detection/cellular-imagingwithhalotag/proteintrafficking). First, the cell medium was replaced with 200 µl RPMI without supplements to which 1-5 µM of Halo-Tag TMR dye was added, and the cells then incubated at 37°C for 45 minutes. To ensure that free dye would not remain in the cytoplasm, cells were washed three times in HBS and then further incubated at 37°C for 30 minutes followed by another three washes with PBS.
Sample preparation for calcium response measurements
Jurkat T-cells were labeled with 4 µM Fluo-4 AM (F-14201; Invitrogen, UK) for 30 min at room temperature with 2.5 mM probenecid (P-36400; Invitrogen, UK) in RPMI (Sigma-Aldrich, UK) without supplements. Cells were then washed in HBS (51558; Sigma, UK) and the medium changed to HBS containing 2.5 mM probenecid before their addition to the microscope sample container with the prepared microscope coverslip.
Total internal reflection microscopy (TIRFM)
For all Figures containing TIRFM data (except Fig. S4 B,C): TIRFM imaging was performed using total internal reflection fluorescence microscopy (TIRFM). A diode laser operating at 488 nm (20 mW, Spectra Physics, US) and either a diode laser operating at 561 nm (Excelsior, 20 mW, Spectra Physics, US) or a HeNe laser operating at 633 nm (25LHP991230, Melles Griot) were directed into a TIRFM objective (60x Plan Apo TIRF, NA 1.45, Nikon Corporation, Japan) mounted on an Eclipse TE2000-U microscope (Nikon Corporation, Japan) parallel to the optical axis and offset in order to were directed into the objective lens, resulting in a power density at the sample of ~1 kW/cm 2 and 100 W/cm 2 respectively. The fluorescence signal was separated from the laser excitation by a quadband dichroic filter (Di01-R405/488/561/635-25x36, Semrock). Additional isolation of the fluorescence signal was achieved by long-pass and band-pass filters placed directly before the detector.
Supported lipid-bilayer (SLB) preparation
Prior to SLB formation on glass cover slips, the cover slips (size no. 1: 0.13 mm in thickness, VWR International, UK) were cleaned by incubation in Piranha solution (3:1 sulfuric acid:hydrogen peroxide) for 1 hour followed by thorough rinsing with ultrapure water ( 
Sample preparation for imaging (TIRFM)
Before imaging, approximately 10 6 cells were resuspended in PBS and incubated in a microcentrifuge tube with the desired antibody fragments for 30 min at room temperature (22°C). After the incubation step, the cells were washed three times with PBS by centrifugation and resuspension of the pellet (600×g, 2 min). After the slides were transferred to the microscope stage, the cells were added; imaging was carried out within the first minutes following cell attachment at room temperature.
Sample preparation for imaging (DHPSF)
Jurkat CD48 + T-cells were labelled with Alexa 647 anti-CD45 antibody (Gap8.3) as previously described before being fixed in 4% paraformaldehyde (Sigma-Aldrich) and 0.2% glutaraldehyde (Sigma-Aldrich) for 60 minutes at room temperature. The fixed cells were washed three times in PBS and suspended in GLOX STORM buffer (PBS supplemented with 50 mg/ml glucose [SigmaAldrich), 0.02-0.05 mg/ml catalase (Sigma-Aldrich), 0.8 mg/ml glucose oxidase (Sigma-Aldrich) and the coated coverslips. Fixed T-cells were imaged for 200,000 frames with continuous 640 nm and 405 nm HiLo laser excitation and a 30 ms exposure (Tokunaga, et al., 2008) . After reconstruction, a rolling-mean of the fiducial marker's position over 50 frames was used to correct for drift in x, y and z.
Image analysis (TIRFM experiments)
Image analysis was performed using a combination of manual analysis (ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/) and custom-written MATLAB code (MATLAB R 2014b, The MathWorks, US).
i) Image acquisition and analysis for single-molecule tracking experiments at close contacts on SLBs
Videos were obtained at a frame rate of 28.6 frames per second (exposure time: 33ms) simultaneously visualizing the distribution of wild-type CD45 (labeled with high Fab concentrations as described above) in one channel and trajectories of either wtCD45, HA-CD45-Halo, mmLck-Halo or TCRβ-Halo in the second channel. Videos were analyzed using custom-written software (MATLAB).
An interactive user interface allowed the user to select boundaries for each cell based on bright field images acquired during the data collection phase. Binary masks of the CD45 distribution for the (recording the trajectories of single molecules in the close contacts) were analysed using the customwritten software (MATLAB) described in Weimann et al. 2013 . The positions of the trajectories obtained were then mapped onto binary representations of the contacts created previously using a custom written MATLAB routine. Using these binary images, the MATLAB routine also sorted the trajectories into two categories ("confined within" and "outside" the contact). The diffusion coefficients for these two categories of trajectories were extracted as described elsewhere (Weimann et al. 2013 ). The number of classified trajectories for a given cell was normalized against the corresponding mask area, i.e. the area "inside" and "outside" the contact, respectively.
ii) Image acquisition and analysis for simultaneous imaging of CD45 distribution in the close-contacts on SLBs and Ca 2+ signaling (Fluo-4 fluorescence increases) with TIRFM Data (videos) were acquired on the TIRF microscope as described above at 37°C, using the 488 and 633 lasers for excitation and the corresponding dicroics and emission filters. Data were acquired using alternating excitation and time-lapse acquisition, with an exposure time of 100 ms, and a time between frames of 2 s. The videos were analyzed using custom-written MATLAB code. Briefly, cell positions were manually traced in the last frame of the Fluo-4 channel, and for each cell its mean intensity trace across the entire image sequence was calculated. The time of landing (tland) and Ca 2+ release (tCa) were determined in a semi-automated fashion from these intensity traces; tland was determined manually from the bright field image and tCa automatically by finding peaks in the derivative of the intensity trace. The time taken to trigger was defined as tCa-tland. For the interval tland to tCa, the area of cell-surface contact was calculated from the CD45 channel for each cell by manually tracing the area inside the close contact outlined by CD45 fluorescence in a programintegrated GUI. From this analysis, we obtained the change of cell-surface contact area for individual cells until the time point of Ca 2+ release, tCa. All further statistical analysis and fits of the traces were performed with Origin (OriginPro 9.1 G, OriginLab Corporation, Northampton, USA).
iii) Super-resolution microscopy of CD45 distribution in Jurkat T-cells CD45 was labeled with Gap8.3 conjugated to the fluorescent dye Atto655 and made to emit intermittently by the addition of ascorbic acid (100 µM; for details see Vogelsang et al., 2009 ).
Videos of isolated fluorescent puncta could thus be obtained whose center positions were extracted using the software PeakFit (www.sussex.ac.uk/gdsc/intranet/microscopy/imagej/smlm_plugins), an
ImageJ plug-in for super-resolution analysis. Briefly, local maxima in each frame were fitted with a 2D-Gaussian described by seven parameters (position on two axes, standard deviation on two perpendicular axes and angle to the horizontal axis, amplitude, and offset). Finally, each singlemolecule position was re-plotted using a custom macro written in ImageJ (http://rsb.info.nih.gov/ij/)
as a 2D Gaussian profile defined by the measured integrated intensity and a width given by the average statistical error in localization of the center (95% confidence interval, averaged over all single-molecule localizations); for further details see Ptacin et al., 2010 .
iv) DHPSF experiments
All DHPSF data was analysed by easy-DHPSF software (Lew et al., 2015) and rendered using ViSP Tables   Table S1 Quantitative analysis of close contacts formed by T cells interacting with rCD2- presenting SLBs, and organization of key signaling proteins within these regions measured using single-molecule fluorescence microscopy.
III. Supplementary
Values were obtained from the types of experiments shown in Fig. 2. The automated procedure used to analyze the images and characterize the cell/SLB contacts is described in the Online Methods. 1 Trajectories were classified as "confined" if they could be mapped exclusively onto the inner area of a contact (denoted by "1" in the binary representation of the contacts, c.f. Fig. 2B -D, right panels).
# Cells/ contacts
2 Ratio of a molecule's density inside the contact over its overall density in the visible region of the cell. Cell surface area (µm (Weaver, 1983) . 7 N.A., not applicable. Figures   Fig. S1 Quantification of the CD45 to Lck ratio at different CD45 and Lck densities. 
IV. Supplementary
V. Supplementary Movies
Movie S1
Animation showing changes in TCR occupation-probability density across a growing close contact over time. The probability of occupation is plotted on the z-axis, the 'time'
given in the title is the time post initial contact, and the 'remaining mass' refers to the probability that the TCR is still found within the close contact. Close-contact growth rate is set to g = 0.1 µm 
